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The lissencephaly gene product Lis1, a protein involved in neuronal
migration, interacts with a nuclear movement protein, NudC 
S.M. Morris*, U. Albrecht†, O. Reiner‡, G. Eichele†§ and L-y. Yu-Lee*¶¥
Important clues to how the mammalian cerebral
cortex develops are provided by the analysis of
genetic diseases that cause cortical malformations
[1–5]. People with Miller–Dieker syndrome (MDS) or
isolated lissencephaly sequence (ILS) have a
hemizygous deletion or mutation in the LIS1 gene
[3,6]; both conditions are characterized by a smooth
cerebral surface, a thickened cortex with four
abnormal layers, and misplaced neurons [7,8]. LIS1 is
highly expressed in the ventricular zone and the
cortical plate [9,10], and its product, Lis1, has seven
WD repeats [3]; several proteins with such repeats
have been shown to interact with other polypeptides,
giving rise to multiprotein complexes [11]. Lis1
copurifies with platelet-activating factor
acetylhydrolase subunits a1 and a2 [12], and with
tubulin; it also reduces microtubule catastrophe
events in vitro [13]. We used a yeast two-hybrid
screen to isolate new Lis1-interacting proteins and
found a mammalian ortholog of NudC, a protein
required for nuclear movement in Aspergillus
nidulans [14]. The specificity of the mammalian
NudC–Lis1 interaction was demonstrated by
protein–protein interaction assays in vitro and by 
co-immunoprecipitation from mouse brain extracts. In
addition, the murine mNudC and mLis1 genes are
coexpressed in the ventricular zone of the forebrain
and in the cortical plate. The interaction of Lis1 with
NudC, in conjunction with the MDS and ILS
phenotypes, raises the possibility that nuclear
movement in the ventricular zone is tied to the
specification of neuronal fates and thus to cortical
architecture.
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Results and discussion
Given that Lis1 interacts with multiple cellular proteins,
we attempted to identify additional interacting proteins by
using the mouse Lis1 (mLis1) as ‘bait’ in a two-hybrid
screen [15]. Twenty positive clones were identified from a
mouse T-cell library and seven were sequenced. One
clone, B9, encoded a 131 amino-acid open reading frame
(ORF) that corresponded to the carboxy-terminal portion
of the mouse NudC protein (Figure 1a, arrows), a region
that is highly conserved among fungal, arthropod and
mammalian NudC orthologs (Figure 1a, arrowheads). The
full-length mouse nudC (mNudC) cDNA was isolated by
reverse-transcription-coupled (RT) PCR, and the pre-
dicted protein sequence was 98% identical to that of rat
NudC (rNudC). Because of this high degree of conserva-
tion, the two mammalian NudC proteins were used inter-
changeably. The specificity of the interaction between
NudC and Lis1 was demonstrated in a series of two-
hybrid assays using each protein as either bait or prey
(Figure 1b). The nudC gene is required for proper nuclear
distribution in the filamentous fungus A. nidulans [14].
Genetic complementation studies show that the rNudC
[16] and Drosophila NudC [17] gene products are func-
tional homologs of A. nidulans NudC. Both NudC and
rNudC regulate the intracellular levels of NudF, the 
A. nidulans ortholog of Lis1 [16,18]. 
To further demonstrate a physical interaction between
rNudC and Lis1, we generated a fusion protein made up
of glutathione-S-transferase (GST) and rNudC and used
it in interaction assays. Using total [35S]methionine-
labeled cellular proteins from rat Nb2 T cells, from which
rNudC was originally identified [19], several proteins of
differing sizes were found to bind to the GST–rNudC
fusion protein matrix, but not to the control GST matrix
(Figure 2a). To determine whether one of these proteins
was related to Lis1, the interaction assay was performed
with unlabeled Nb2 T-cell lysates and the bound pro-
teins were immunoblotted with monoclonal anti-Lis1
antibodies [13]. A Lis1-immunoreactive protein was
detected only in the GST–rNudC fusion protein matrix
and not in the control matrix (Figure 2a). This interaction
between mammalian NudC and Lis1 was further demon-
strated using in vitro transcribed and translated Lis1.
Full-length 46 kDa Lis1 was retained by the
GST–rNudC fusion protein matrix but not by the control
matrix (Figure 2b). An unrelated control protein, Stat5b,
failed to bind to either matrix (Figure 2b). These results
show that the mammalian NudC and Lis1 proteins physi-
cally interact.
Both mNudC and mLis1 are highly expressed in the brain
(Figure 3). To test whether the NudC–Lis1 interaction
occurs in the brain, adult mouse brain extract was
immunoprecipitated with either anti-rNudC or anti-Stat5b
antibodies, and immunoblotted with anti-Lis1 antibodies.
Lis1-immunoreactive bands were specifically detected in
the mNudC immunoprecipitate and not in the control
Stat5b immunoprecipitate (Figure 2c). These studies
strongly suggest that NudC and Lis1 exist in a complex in
the mammalian brain. This conclusion is further sup-
ported by our finding that mNudC and mLis1 transcripts
are coexpressed in the developing and adult mouse brain
(Figure 3). These data show that mNudC and mLis1 tran-
scripts are colocalized in the dividing cells in the ventricu-
lar zone and external granular layer, and in the granule
cells during their inward migration to establish the inter-
nal granular layer. 
We have shown that mammalian NudC and Lis1 proteins
physically interact and are coexpressed in the developing
brain. Neurons that constitute the cerebral cortex arise
from proliferating progenitors located in the ventricular
zone of the forebrain [20]. Upon completion of mitosis,
neuronal precursors exit the ventricular zone, migrate
along radial glial fibers through the intermediate zone and
form the cortical plate. Successive rounds of cell division in
the ventricular zone give rise to the six distinct layers of
the cortex. It is proposed that abnormal cortical layering,
misplaced or misoriented neurons reflect defects in either
progenitor cell proliferation and/or neuronal migration
[7,8]. The conventional interpretation of lissencephaly is
that the mislayered cortex arises through a defect in the
neuronal migration process [21]. Coexpression of mNudC
and mLis1 in the intermediate zone and cortical plate is
consistent with this idea. However, mNudC and mLis1 are
also highly expressed in the ventricular zone at a stage
when neuronal progenitors divide (Figure 3c–h); such pro-
liferation is accompanied by characteristic nuclear move-
ments [22]. Nuclear movement in the ventricular zone has
been implicated in neuronal cell fate specification [20,23].
In A. nidulans, nuclear movement is a microtubule-depen-
dent process [24]. NudF, the Lis1 ortholog, modulates the
microtubule-based dynein–dynactin motor which mediates
nuclear migration [25,26]. In turn, NudF protein levels are
regulated post-transcriptionally by NudC [16,18], and
maintaining a proper level of NudF is essential for nuclear
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Figure 1
(a) Sequence comparison of NudC orthologs. The mNudC protein
sequence was compared with the rat, Drosophila, and Aspergillus
orthologs using the GCG software program Pileup and Boxshade
version 3.21. Identical amino acids are shaded in black and similar
amino acids in grey. Arrows delineate the mNudC sequence isolated
from the yeast two-hybrid screen (clone B9), and arrowheads indicate
the conserved 94 amino-acid carboxy-terminal NudC homology region.
The mNudC sequence was generated by RT–PCR [30] using rat
sense 5′-ACGATGGGAGGGGAGC-3’ (initiation methionine) and
anti-sense 5′-GAGCTAGTTGAATTT-3′ (stop codon) primers
(GenBank accession numbers Y15522 and X81443). (b) Interaction
of mLis1 with mammalian NudC in a two-hybrid assay. The
Saccharomyces cerevisiae strain PJ69-4A [31] was cotransformed
with mLis1 in the pAS2 vector and a murine T-cell cDNA library in the
pACT vector. Growth on a tryptophan-, leucine-, and adenine-deficient
plate indicates interaction; mLis1 interacts with clone B9. In addition,
mLis1 and full-length rNudC also interact when used as either bait
(DNA-binding domain) or prey (activation domain): PJ69-4A yeast were
cotransformed with pAS2–mLis1 and pGAD424–rNudC, or with
pGBT9–rNudC and pACT–mLis1. But mLis1 and rNudC do not self-
activate, since cotransformation with the Gal4 activation domain
without insert fails to promote growth; nd, not done.
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Figure 2
(a) Rat Nb2 T cells were stimulated with
10 ng/ml ovine PRL (NIDDK-oPRL-19 or 20)
for 10 h [19]. Cells were metabolically labeled
with [35S]methionine (1150 Ci/mmol; ICN) for
the last 4 h [32] and lysed by three cycles of
freeze–thawing in 1 ml cold lysis buffer:
10 mM HEPES pH 7.5 with 1 mM
phenylmethyl-sulfonyl fluoride (PMSF; Sigma)
and 10 mg/ml leupeptin (Sigma). Either
labeled (34 × 106 cpm; lanes 1,2) or
unlabeled (450 µg; lanes 3,4) cell lysates
were incubated with 200 µg each of GST
(pGEX-2T, Pharmacia; lanes 1,3) or
GST–rNudC fusion protein (lane 2,4) in
Buffer A (67 mM HEPES pH 7.5, 167 mM
KCl, 8.3 mM MgCl2, 0.3 mM EDTA, 1.67 mM
DTT, 0.83% NP-40, 0.83 mM PMSF). Bound
proteins were resolved by 10% SDS–PAGE
and analyzed by either autoradiography or
immunoblotting with monoclonal anti-Lis1
antibodies (1:3000 dilution) [13] followed by
goat anti-mouse IgG antibodies conjugated to
horseradish peroxidase (Sigma; 1:2000
dilution) and detected by enhanced
chemiluminescence (Amersham). (b) In vitro
translated [35S]methionine-labeled mLis1 [33]
(lane 1) and Stat5b [34] (lane 4; T3/T7
coupled reticulocyte lysate system, Promega)
were incubated with 50 µg each of GST
(lanes 2,5) or GST–rNudC fusion protein
(lanes 3,6). Bound proteins were analyzed by
autoradiography. (c) Brains from 8-week-old
129/SV mice were homogenized in 1–3 ml
cold lysis buffer supplemented with 1.5 mM
MgCl2, 10 mM KCl, followed by two cycles of
freeze–thawing; 1 mg of each brain extract
was immunoprecipitated (IP) with 2 µg affinity-
purified rabbit anti-rNudC antibodies [32]
(lane 2) or rabbit anti-Stat5b antibodies [34]
(lane 3), followed by immunoblotting (IB) with
anti-Lis1 antibodies. Given that both mNudC
and mLis1 are around 45–50 kDa, non-
reducing conditions (no DTT or β-
mercaptoethanol) were used to avoid gel
distortion problems caused by the presence
of the 50 kDa IgG heavy chain. Under non-
reducing conditions, mLis1 forms a doublet
(lane 1) in 1 µg brain extract. 
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Figure 3
Coexpression of mNudC and mLis1 in the
developing and adult mouse brain. Mice and
embryos were collected, sectioned, and in situ
hybridization was performed as described
[35]. Antisense mNudC RNA (nucleotides
112–980) is in red, mLis1 RNA [9] is in green,
and Hoechst-stained nuclei, defining tissue
histology, are in blue. The specificity of the
hybridization signals was confirmed using
sense riboprobes (data not shown). (a,b) At
embryonic day 12.5 (E12.5), both mNudC
and mLis1 are expressed throughout the
neuroepithelium and craniofacial
mesenchyme. (c,d) Once a distinct ventricular
zone forms (E13.5), both genes are strongly
expressed in this zone. (e–h) By the time a
cortical plate forms (E15.5), mNudC and
mLis1 are still expressed in the ventricular
zone, but expression also appears in the
intermediate zone and the cortical plate,
regions that contain migrating neurons. (i,j) At
postnatal day 0 (P0), when the cell density in
the ventricular zone is greatly reduced and a
distinct cortex is formed, expression of both
genes is strong in the cortex, as it is in the
adult cortex (k,l). (m,n) In the early cerebellum
(E16), mNudC and mLis1 are expressed in
the external granular layer. (o,p) At P0–P5,
when cells of the external granular layer
migrate to form the internal granular layer, the
genes are also coexpressed. Scale bars,
500 µm (a–f, i–p); 50 µm (g,h). All sections are
coronal except for (a), (b) and (m), which are
sagittal. Abbreviations: c, cortical plate; CA,
cornu ammonis; cx, cortex; EGL, external
granular layer; fm, frontal mass; ha,
hippocampal anlage; i, intermediate zone; m,
marginal zone; ne, neuroepithlium; tn,
tegmental neuroepithlium; v, ventricular zone.
migration [18,27]. By analogy, mammalian NudC, through
its interaction with Lis1, could control the levels of Lis1,
which in turn through its interaction with tubulin [13] may
be critical for nuclear migration for cells in the ventricular
zone. Haplo-insufficiency [3] in MDS and ILS causes a
decrease in Lis1 levels [28], which could compromise
nuclear translocation, adversely affect cell division and
hence alter cell fate determination. Mis-specification of
neuronal cell fate could be involved in heterotopias and
abnormal layering of the cortex. However, at present there
are no direct observations suggesting nuclear movement
defects in the ventricular zone in MDS/ILS patients. It is
noteworthy that nuclear translocation also occurs in radially
migrating neurons [29], and the NudC–Lis1 interaction
could also play a role in this process. Recent studies raise
the possibility that an intracellular adaptor gene mDab1
[1,2] and the X-linked lissencephaly gene doublecortin [4,5],
may be part of a common signaling pathway leading to
neuronal migration disorders. It will be interesting to see if
the mammalian NudC gene is part of the same pathway or
participates in other forms of lissencephaly [7].
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